Butterflies and moths constitute some of the most popular and charismatic insects. Lepidoptera include approximately 160 000 described species, many of which are important model organisms. Previous studies on the evolution of Lepidoptera did not confidently place butterflies, and many relationships among superfamilies in the megadiverse clade Ditrysia remain largely uncertain. We generated a molecular dataset with 46 taxa, combining 33 new transcriptomes with 13 available genomes, transcriptomes and expressed sequence tags (ESTs). Using HaMStR with a Lepidoptera-specific coreorthologue set of single copy loci, we identified 2696 genes for inclusion into the phylogenomic analysis. Nucleotides and amino acids of the all-gene, alltaxon dataset yielded nearly identical, well-supported trees. Monophyly of butterflies (Papilionoidea) was strongly supported, and the group included skippers (Hesperiidae) and the enigmatic butterfly-moths (Hedylidae). Butterflies were placed sister to the remaining obtectomeran Lepidoptera, and the latter was grouped with greater than or equal to 87% bootstrap support. Establishing confident relationships among the four most diverse macroheteroceran superfamilies was previously challenging, but we recovered 100% bootstrap support for the following relationships: ((Geometroidea, Noctuoidea), (Bombycoidea, Lasiocampoidea)). We present the first robust, transcriptome-based tree of Lepidoptera that strongly contradicts historical placement of butterflies, and provide an evolutionary framework for genomic, developmental and ecological studies on this diverse insect order.
Introduction
Butterflies and moths comprise the order Lepidoptera, which is one of the four insect super-radiations and includes approximately 160 000 described species, though the actual number of species might be as high as half a million [1, 2] . These insects dominate the terrestrial landscape as butterflies during the day and moths at night [1] . Lepidoptera are predominantly herbivores and pollinators, and they are thought to have played a central role in the mega-radiation of angiosperms [1, 3, 4] . Their association with plants has led to numerous textbook examples of coevolution (reviewed in [5] ). The feeding apparatus of Lepidoptera is thought to have transitioned from a mandibulate condition within the non-glossatan Lepidoptera to a coiled proboscis that is used to imbibe nectar from flowers in derived lineages such as the Ditrysia, a group that comprises more than 98% of species in the order [6] . Lepidoptera also include many model organisms as well as some of the most damaging agricultural pests (e.g. Bombyx, Cydia, Helicoverpa, Manduca, Spodoptera [7] ). Although many lines of evidence provide strong support for the monophyly of Lepidoptera (summarized in [1, 6, 8] ), relationships among superfamilies, especially those in the lower Ditrysia, remain largely uncertain.
One of the primary questions in lepidopteran phylogeny is the position and monophyly of butterflies, which remains unclear (figure 1) [9] [10] [11] [12] . Morphological treatments considered butterflies as close to the inchworm moths and relatives (Geometroidea) [6, 13, 14] , and recent studies based on up to 26 genes hinted that butterflies might belong within the lower ditrysian lineages, though these results were weakly supported [9] [10] [11] [12] . Relationships among butterfly families are still being debated [15] , and some studies based on a traditional Sanger-sequencing approach have suggested that butterflies might be a paraphyletic assemblage [10] . Assessing the placement and monophyly of butterflies has proven challenging because of the preponderance of low support and extremely short internal branches.
Recent advances in next-generation sequencing have resulted in novel of obtaining and analysing large amounts of data [16] [17] [18] [19] . Two recent studies used next-generation data to examine relationships among lineages of Lepidoptera [20, 21] , but neither study included butterflies. In this study, we address the evolution of Lepidoptera and examine the problematic placement of butterflies by creating a dataset of 2696 putatively single-copy orthologous genes from 33 novel transcriptomes and publically available genomes, transcriptomes and expressed sequence tags (ESTs). We sampled at least one species from 19 major superfamilies of Lepidoptera and present one of the first phylogenomic analyses of butterflies and moths based on this many loci. To assess the influence of missing data on tree topology, we constructed two datasets: (i) a 'full dataset' with 2696 genes for 46 taxa and (ii) a 'reduced dataset' that included sequence data for all genes, totalling 465 loci for 26 taxa. Our conclusions challenge previous classifications and provide a solid evolutionary framework for future comparative studies on butterflies and moths.
Material and methods
(a) Transcriptome assembly, orthologue prediction and phylogenomic dataset construction
We followed the methods of Breinholt & Kawahara [21] for transcriptome assembly and orthologue prediction after sample collection, RNA extraction and library construction (see the electronic supplementary material for these methods). Paired-end sequences were merged with PEAR v. 0. [29] to extend the orthologue search to non-reference taxa (see the electronic supplementary material for details).
We built a data matrix from our 33 transcriptomes and available homologous genes from the four reference genomes and Plutella xylostella [30] . We combined these data with previously published transcriptomes that were assembled and processed from FASTQ files downloaded from the GenBank SRA database (see the electronic supplementary material). TRANSLATORX v. 9.03 [31] was used to convert nucleotides to amino acids, and back-translate amino acids to nucleotides after amino acid alignment in MAFFT v. 7.037 [32] . Both nucleotide and amino acid alignments were trimmed with ALISCORE v. 2.0 [33, 34] and ALICUT v. 2.2 [35] .
We created two separate datasets: a full dataset that included 46 taxa and 2696 genes, and a reduced dataset that included 26 species and 465 loci. The 26 taxa represented each major lineage in figure 2. We chose to create this smaller dataset to reduce the relative number of missing gene sequences, and to allow better partitioning of the data (the full dataset was restricted in partitioning options owing to its size and computational limitations; see discussion below).
(b) Phylogenomic analysis
We estimated phylogenies using nucleotide and amino acid data. Maximum-likelihood (ML) analyses were performed using RAXML v. 7.7.7 [36] for nucleotides and EXAML (https://github. com/stamatak/ExaML) for amino acids. We assessed the best partitioning strategy in PARTITIONFINDER v. 1.1.1 [37] . Initial attempts to determine the best partitioning scheme by gene and codon position in PARTITIONFINDER did not complete in a reasonable amount of time. The concatenated nucleotide matrix was partitioned by codon position, because PARTITIONFINDER supported it as being better than an unpartitioned, single model. Despite large computational demands, we also managed to conduct a limited number of ML searches that were partitioned by gene. substitution model was applied to the nucleotide dataset for each codon position, and best ML tree searches were conducted using: (i) tree searches starting from a random topology using the '-f d' option (explained further in Kawahara et al. [38] ) for 100 ML searches and (ii) tree searches using bootstrap trees as starting topologies for 50 ML searches. For amino acids, a single partition was used owing to computational limitations. PARTITIONFINDER identified the best model of evolution using the BIC score and the search was restricted to six possible protein models
We constructed 100 starting trees using the '-x' option in RAXML, which served as starting trees for 100 EXAML searches. To thoroughly search for the best tree, we also conducted 50 additional EXAML searches starting with likelihood trees that were constructed from EXAML bootstrap datasets. For both nucleotide and amino acid datasets, the number of bootstrap replicates was determined with the bootstrap stopping criterion [39] to determine a sufficient number of bootstrap replicates for each analysis. A total of 100 bootstrap replicates were run for the nucleotide dataset 
(c) Hypothesis testing and non-traditional branch support
We statistically compared our results with five previous phylogenetic hypotheses based on morphology [6, 13] and molecules [9, 11, 12] . Tree searches were performed in RAXML with constraints that forced topologies that matched prior hypotheses. We also examined whether an alternative placement of butterflies that was found in some of the suboptimal trees was significantly worse than the best ML tree. In this alternative topology, Papilionoidea (clade B) was placed as the sister taxon to clade D (figure 2). For each of these tests, 50 ML tree searches were conducted in RAXML, and the SH test [40] was used to compare the tree with the highest likelihood from each alternative hypothesis with the best tree from the unconstrained search. Two additional methods were used to assess the placement of butterflies: SH-like branch support [41] in RAXML v. 7.7.7, and four-cluster likelihood mapping analysis [42] in TREE-PUZZLE v. 5.2 [43] . SH-like branch support was calculated because it can perform well even under conditions when models are misspecified [44] . For the four-cluster likelihood mapping analysis, we included one taxon per family to ease the computational demand on the analyses. We defined four taxon groups (labelled I -IV, figure 2), and the probability of each of the four arrangements was calculated.
Results and discussion (a) Overview
We provide the first robust tree of Lepidoptera that strongly contradicts the traditional hypothesis that butterflies are a group nested within the macromoths. The Pyraloidea are confidently placed as the sister-group to Macroheterocera þ Mimallonidae (100% BP), providing drastic improvement compared to recent Sanger-sequencing-based studies [9, 11, 12] . Butterflies, including the Hesperiidae and the enigmatic Hedylidae, constitute the Papilionoidea, which were placed at the base of the Obtectomera, as the sister group to clade A (figure 2), the clade including the Gelechioidea þ Callidulidae þ Thyrididae þ Pyraloidea þ Mimallonidae þ Macroheterocera.
The following results and discussion are focused on the full dataset (46 taxa, 2696 genes) unless otherwise noted.
(b) Transcriptome sequencing and bioinformatics
The 33 transcriptomes that were generated for this study had an average of 80 141 contigs that were above 100 bp, and the average N50 was 529 (electronic supplementary material, table S1). To identify orthologous genes across the entire dataset, we created a custom Lepidoptera core orthologue set (LEP1-COS) in HaMStR v. 8b [29] , which identified an average of 4978 putative homologues per taxon after HMMER model prediction (electronic supplementary material, table S2). We used HaMStR to predict orthologous genes, but 282 genes could not be predicted in the four reference genomes that were used to make the core orthologue set. These genes, in addition to 3317 genes that had sequence data for 40 or fewer taxa, were removed. The final 'full' dataset included 2696 genes (2 525 742 nucleotides and 1 262 871 amino acid residues), and the 'reduced' dataset included 465 genes (492 800 nucleotides and 246 400 residues). For the full amino acid
The full dataset had 94% gene coverage and 57 -60% nucleotide completeness; the reduced dataset had 100% gene coverage and 65-69% nucleotide completeness (electronic supplementary material, tables S3 -S6). Nucleotide completeness was estimated by removing gaps from sequences, summing the total number of nucleotides for each taxon, and dividing this quantity by the total number of nucleotides of two reference taxa, B. mori and D. plexippus (electronic supplementary material, table S6). We used two different reference taxa for this calculation owing to the inherent difference in the length of complete genes between these two taxa. Additional summary statistics for transcriptome assembly, orthologue prediction and phylogenomic dataset construction can be found in the electronic supplementary material, tables S1 -S10.
(c) Phylogenomic analyses
Phylogenomic analyses resulted in a fully resolved tree with robust support for nearly all nodes (figure 2). Similar trees were obtained with nucleotides and amino acids, the only difference being the placement of Phyllocnistis (Gracillariidae), which was placed with weak support as the sister taxon to Yponomeutidae þ Apoditrysia in the amino acid analysis. Butterflies (Papilionoidea) were placed sister to the remaining Obtectomera, the latter of which had robust branch support (92% BP (nucleotides), 87% BP (amino acids), 93% BP (SH-like amino acids); figure 2, clade A). Obtectomera sensu van Nieukerken et al. [2] was monophyletic, a result consistent with prior studies [12] , albeit with stronger support here (greater than or equal to 98% BP support).
Both the 2696-and 465-gene datasets resulted in largely congruent trees. The 465-gene tree generally had lower branch support. The majority of nodes along the backbone of the 465-gene tree had weak (less than 50% BP) support, consistent with many previous studies based on smaller (less than 30) gene datasets [9] [10] [11] [12] . Conflict between the 2696-and 465-gene tree topologies was minimal, but in the cases where it existed, there was strong support for a relationship in the 2696-gene tree, but support for a conflicting relationship in the 465-gene tree was weak. This could be due simply to limited phylogenetic signal in these genes, or misleading signal that is obscuring true signal.
Prior molecular phylogenetic work suggested that butterflies were more closely related to 'microlepidoptera' than to the large moths, but none of these studies was able to confidently come to this conclusion [9] [10] [11] [12] . Regier et al. [9] tentatively placed Papilionoidea (including Hedyloidea þ Callidulidae þ Thyridoidea) sister to the Cossoidea þ Zygaenoidea, but this relationship was not strongly supported. Mutanen et al. [11] and Hesperioidea) were monophyletic with respect to the Pyraloidea þ remaining Macrolepidoptera, but bootstrap support for this clade was low [10] . A recent study by Regier et al. [12] also recovered a monophyletic Papilionoidea (including Hedyloidea and Hesperioidea), which was placed as the sister group to the Pterophoroidea, but with bootstrap support that was not particularly high (72-83%). An SH test indicates that our ML tree is significantly ( p 0.01) more likely than trees constrained to previous morphological and molecular hypotheses (table 1) .
The placement of butterflies in this study is contrary to Minet's [13] concept of a monophyletic Macrolepidoptera, a traditional group uniting butterflies with most of the large moths [45, 46] . According to Minet [13] , Papilionoidea are closely related to Geometroidea and Callidulidae (the lone family in Calliduloidea) within Macrolepidoptera. None of our analyses recovered a monophyletic Macrolepidoptera or a clade consisting of butterflies, Callidulidae and Geometroidea. To further test the monophyly of Macrolepidoptera, we constrained this clade and conducted an SH test. We conclude that a topology that enforces the monophyly of Macrolepidoptera is significantly worse ( p 0.01) than our most likely tree (table 1) . These results are consistent with prior molecular studies that hinted at the possibility of a close relationship of butterflies with the Callidulidae, Gelechioidea and Thyrididae [9] [10] [11] [12] . Thus, despite their close morphological resemblance to some of these moth families, butterflies are not closely related to macromoth families that are now grouped in the Macroheterocera.
Although our study places butterflies as the sister group to the remaining Obtectomera with strong bootstrap support, we chose to further examine its placement by conducting a fourcluster likelihood mapping analysis [42] in TREE-PUZZLE [43] . These results support the placement of butterflies in figure 2 (51.8% of quartets support this topology), compared with 28.4% for an alternative placement of butterflies, where the butterfly clade is sister to clade D (figure 2). The SH test confirms that this alternative relationship is less likely than our ML tree, though the results were not statistically significant (table 1) .
We also tested to see whether the placement of butterflies in the ML tree was influenced by model misspecification. To do so, we used the amino acid dataset to calculate SH-like branch support [41] , which can perform well even when models are misspecified [44] . SH-like support values were comparable with values obtained from standard bootstrap analyses, thus suggesting that the placement of butterflies is largely independent of the model chosen. Results from ML bootstraps, SH-like bootstraps and likelihood mapping all imply that there is a high probability that butterflies are placed sister to clade A, as in our ML topology (figure 2).
Our phylogeny supports the paraphyly of the historical definition of Papilionoidea [48] with regard to butterflymoths (Hedylidae) and skippers (Hesperiidae), as well as strong support for the monophyly of Hedylidae þ Hesperiidae (100% BP support). This result is consistent with results from recent studies that used a smaller number of genes [12, 15] as well as some traditional morphological studies [49, 50] . Our transcriptome-based topology provides strong support for Papilionidae as sister to the Hedylidae þ Hesperiidae þ Lycaenidae þ Nymphalidae (electronic supplementary material, figures S1 and S2). Our study supports the classification of van Nieukerken et al. [2] , that the division of butterflies, skippers and butterfly moths should not be split into three superfamilies [6, 47] .
One butterfly family, Pieridae, was excluded from the study because no adequate next-generation data were available. However, we do not believe that the overall topology recovered here will drastically change when Pieridae is included because of the very strong branch support (100% in all analyses, figure 2) found among the butterflies included in this study.
The phylogenetic position of the speciose clade Gelechioidea had been controversial [9, 12] . Gelechioidea were historically excluded from the Apoditrysia and initially grouped with Gracillarioidea, Tineoidea and Yponomeutoidea [51] . However, recent molecular and morphological studies placed Gelechioidea within Apoditrysia [9, 12, 52] . The position of Gelechioidea appears to be largely influenced by the inclusion of synonymous signal, which, when removed, increases the probability that the group is placed near the root of Apoditrysia [10] . In our analyses, Gelechioidea appears sister to Callidulidae þ Thyrididae with strong support, corroborating the inclusion of Gelechioidea within Apoditrysia.
Previous studies based on up to 26 genes had difficulty in confidently placing the Mimallonidae [9] [10] [11] [12] . In this study, Mimallonidae is the sister group (100% BP support) to a monophyletic, well-supported Macroheterocera sensu van Nieukerken et al. [2] (also with 100% BP support). The position of Mimallonidae is corroborated by the fact that this family shares anatomical features with both Pyraloidea and macroheteroceran lineages [13] . In our reduced dataset, confidence in the placement of Mimallonidae is reduced; it becomes the sister group to the Gelechioidea with weak, less than 50% bootstrap support (electronic supplementary material, figures S1 and S2). Bazinet et al.'s [20] recent transcriptome-based study also confidently places Mimallonidae as the sister-group to Macroheterocera (see discussion below), again hinting at the value of using a large number of genes to confidently estimate lepidopteran phylogeny.
Within the Macroheterocera, all nodes are supported by more than 80% bootstrap support except one: the node that unites the Bombycidae, Sphingidae and Saturniidae. This group, previously termed the 'SBS group' [53] , has been difficult to estimate in many previous studies (summarized in [21] ). In this study, the SBS group is supported by 68% bootstrap support when analysed with nucleotides, but support rises to 96% with amino acids (figure 2). Our results based on the full, 2696-gene dataset reveal the Bombycidae sensu Minet [54] as the sister group to Saturniidae þ Sphingidae. This result is consistent with a previously published transcriptomic dataset [21] . However, when our dataset is reduced to 465 genes, relationships among these three families change (electronic supplementary material, figures S2 and S3). Saturniidae becomes the sister taxon to Bombycidae þ Sphingidae, consistent with the results from previous studies based on fewer genes [9, 55, 56] . Breinholt & Kawahara [21] examined the interfamilial relationships among the SBS group using transcriptomic data and concluded that the strength of branch support among these three families appears to depend largely on the amount of data and how they are analysed. We suspect that weaker support in this study is owing to a difference in taxon sampling and alignment/pruning algorithms.
The phylogenetic relationships of Apoditrysia were the subject of a recently published transcriptome-based study by Bazinet et al. [20] that used 741 orthologous gene sequences (less than 28.5% of our genes). Although they did not include butterflies, their study revealed relationships consistent with those in our study. For instance, they resolved a well-supported Macroheterocera and Obtectomera. They also recovered Mimallonidae as the sister taxon of Macroheterocera, and the Pyraloidea as sister to that clade, with strong support. Their gene sampling had relatively little overlap with ours (11.9% overlapping genes between the two studies), suggesting that the overall congruence between the two studies reflects true phylogenetic signal.
One striking difference between these two studies is the relationship among the superfamilies Bombycoidea, Geometroidea, Lasiocampoidea and Noctuoidea, which altogether constitute approximately 73 000 described moth species [2] . Our tree resolves Bombycoidea þ Lasiocampoidea as the sister group to Geometroidea þ Noctuoidea with strong branch support (100% BP support for all nodes), whereas Bazinet et al.'s [20] study placed Geometroidea with Bombycoidea þ Lasiocampoidea, and Noctuoidea as the sister group to this three-taxon clade (83% BP support). Relationships that were obtained here were also recovered in the Sanger-based trees of Regier et al. [9, 12] , albeit with weak support in their studies. Morphological characters, such as wing venation, also support the monophyly of Geometroidea plus Noctuoidea [57] .
Our study design addressed two points that Bazinet et al. [20] suggested might further the recovery of a robust lepidopteran tree, namely the inclusion of more loci and the use of taxon-specific core orthologues. Our custom core orthologue set allowed for the collection of Lepidoptera-specific loci and an improvement in the number of genes that could be included in the phylogenomic analysis. The 2696 loci from our LEP1-COS produced a tree with 36 nodes (out of 43) with greater than or equal to 98% BP. Thus, as predicted by Bazinet et al. [20] , it appears that using Lepidoptera-specific core orthologues and increasing the number of genes provides a more robust phylogeny of Lepidoptera.
(d) Perspectives
The phylogeny presented in this study offers insights into the evolutionary relationships of one of the largest diversifications of insects. By using transcriptomic data, we show that these data can resolve many difficult relationships among butterflies and moths that were previously based on a much smaller number of genes. The butterfly clade is well supported and is placed sister to the Callidulidae þ Gelechioidea þ Macroheterocera þ Mimallonidae þ Thyrididae. Hedylidae was the sister group to Hesperiidae, and this placement is consistent with recent molecular studies. Butterflies, traditionally thought to be close relatives of large moths based on anatomical features [6, 13] , now definitively appear to be placed outside of the Macroheterocera. Although previous molecular studies hinted at such a placement for butterflies, we suspect that because those analyses were based on a much smaller set of genes, they did not contain enough phylogenetic signal to resolve a rapid Mesozoic diversification [1, 4] . Similar conclusions were reached for other major insect radiations that are thought to have diversified with flowering plants, such as flies [58, 59] and beetles [60] .
The proposed change in the phylogenetic position of Papilionoidea brings about the question of whether its new placement would substantially push back the age of Papilionoidea. Fossil Lepidoptera are quite sparse due to poor preservation and generally soft-bodied larval stages [1, 6] . Many butterfly fossils are from the Miocene, and the oldest butterfly fossils are from the Late Palaeocene [61] . The new placement of butterflies remains consistent with the little that is known from the lepidopteran fossil record. A dated phylogeny of Lepidoptera based on next-generation data is clearly the next step.
Our robust phylogeny provides an initial framework necessary to understand life-history evolution in butterflies and moths. For instance, our results imply that a general shift in body size from small 'microlepidoptera' to large 'macrolepidoptera' is untenable, though there appears to be a general trend from ancestral moth lineages that feed on ferns to derived Lepidoptera that feed on advanced angiosperms [3, 62] . Furthermore, our tree provides a baseline to test whether adult diurnal activity, a trait common to nearly all butterflies, evolved much earlier than previously thought. A shift to diurnal activity might have served as a means of escaping from nocturnal predators such as bats, which present significant pressure on lepidopteran prey [63 -65] . Future work will involve understanding the causes of these transitions across the Lepidoptera tree of life. Although the trees presented here clarify our understanding of deep-level lepidopteran relationships, many lineages still need to be sampled. We expect that the many new phylogenomic initiatives for non-model Lepidoptera and relatives (e.g. 1KITE (http://www.1kite.org/), i5K (http://www. arthropodgenomes.org/), LepTree (http://entomology. umd.edu/mitterlab/leptree)) will provide a rich source of additional data that will further elucidate the evolution of one of the most charismatic and popular groups of insects.
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